We present a procedure to explore the global dynamics shared between members of the same protein family. The method allows the comparison of patterns of vibrational motion obtained by Gaussian Network Model (GNM) analysis. Following the identification of collective coordinates that were conserved during evolution, we quantify the common dynamics within a family. Representative vectors that describe this dynamics are defined using a singular value decomposition approach. As a test case, the globin heme-binding family is considered. The two lowest normal modes are shown to be conserved within this family. Our results encourage the development of models for protein evolution that take into account the conservation of dynamical features.
INTRODUCTION
The connection between molecular structure and biological function is usually restricted to the study of the effects of residues near the active sites in enzymes. However, the overall We show how to quantify the similarities between equivalent collective vibrational modes of different proteins using a Singular Value Decomposition (SVD) approach. The SVD method has found wide-ranging applications (Wall, 2003) . The related method of Principal Component Analysis (PCA) , that uses the covariance matrix, was extensively applied to the analysis of extended molecular dynamics simulations (Ichiye, 1991; Amadei, 1993; Balsera, 1996; Hayward, 1994) . It has shown to be useful as a dimensionality reduction technique to transform the original high-dimensional representation of protein motion into a lower-dimensional representation that captures the dominant modes of motion of the protein.
As a test case, we explore the global dynamics of the globin-like family. The globin fold is a good example of divergent evolution (Monees, 1996) . It is an all-alpha fold generally made up by 6-7 helices that provide the scaffold for a well-defined heme-binding pocket (Aronson, 1994) . Although the three-dimensional structure of globins is well preserved, their sequences are very different (Lesk, 1980) . It is possible to construct templates based on sequence data that can be used to distinguish globins from non-globins (Bashford, 1987) . Furthermore, it was possible to identify, from a set of aligned protein structures, a core set of residues that are located at relatively invariant three-dimensional positions (Altman, 1994) . In the present work, a new attempt to find a conserved feature for the globins based on their collective dynamics is presented.
METHODS

Normal modes
Calculation with GNM
The vibrational dynamics of a set of homologous proteins are analysed using the GNM Haliloglu, 1997) . The GNM considers the protein as an elastic network. A protein of N residues is represented as a collection of N nodes linked by springs. Every residue undergoes Gaussian fluctuations about its equilibrium position, defined by the coordinates of the α-carbon in the crystallographic structure. This is an isotropic model with N degrees of freedom, each one measuring the amplitude of the fluctuation of one node. No distinction is made between different types of residues, so the springs have a single generic harmonic force constant γ that connects nodes separated by a distance lower than a cutoff value r c . Thus, the inter-residue interaction potential is written as The inverse of the Kirchhoff matrix can be expressed as a product of matrices
T U U
Cross-correlations of fluctuations between the i th and the j th residues can be calculated as
where k B is the Boltzmann constant, T is the absolute temperature, and the square brackets represent the (ij) th element of the matrix Γ -1 . The temperature factors or B i -factors, can be expressed in terms of the decomposition of Γ as the sum of contributions from the N-1 internal
The first eigenvalue of Γ, identically equal to zero, is not included in the summation of Eq. (5).
In each case, the value of γ is determined by scaling the theoretical residue fluctuations to best fit the corresponding experimental temperature factors.
Alignment
The normal modes of a protein with N residues are N-dimensional vectors, { } N k k , 2 = q , whose elements are the amplitude of fluctuation of the i i k q , th residue. Thus, normal modes calculated for each of the proteins present different number of components. In order to allow their comparative analysis, they are aligned according to a multiple sequence alignment performed using ClustalX (Thompson, 1997) . The positions in the alignment that present a gap in any of the considered proteins were neglected. This procedure is consistent with the restriction of "conserved" positions given by Kai-Li H. Ting et al. (Ptitsyn, 1999) to only those positions that are occupied by identical or similar residues in each of the subfamilies. This definition implies that positions occupied by not similar residues even in one subfamily should not be considered as conserved.
Therefore, the dimension of the normal modes is reduced to the number of positions n without gaps in any of the sequences of the alignment. Then, these normal modes with reduced dimension n are normalized.
Reassignment
Normal modes are usually ordered by increasing frequency values. We reassign them according to their dynamical properties, so that each of the m th modes (m=1...10) of all the proteins describes similar relative motions. For this purpose, the following procedure is used:
1) a protein α of reference is considered and the 10x10 overlap matrix Q αβ is calculated with each of the other proteins β. The elements of Q αβ are defined as the dot product: 2) permutations of columns are performed on each of the Q αβ matrices in order to maximize the trace.
3) steps 1) and 2) are repeated considering the different proteins as reference.
The final normal mode assignment is chosen as the one corresponding to the reference protein that had required the least number of permutations in step 2). The normal modes of all the proteins are reassigned according to it.
Representative vectors
Matrices A m of dimension n x l are built with columns representing the m th normal mode of each of the l proteins and n being the number of conserved residues in the sequence alignment as described in section 1.2.
(mode#m,protein#1) (mode#m,protein#2) ... (mode#m,protein#l) 
The family of globins as a test case
We illustrate our approach by comparing the low-frequency collective motions between members of the globin family. The choice of this family as a test case is due to the fact that it is a good example of the way in which natural selection operates on structural changes. Previous work has shown that the relative dispositions of the helices change during the divergent sequence evolution of the family . Nevertheless, the consequent large structural changes have had only small effects on the packing of helices involved in positioning the heme group.
Thus, globins are a good example of divergent sequence evolution with restricted structure preservation to maintain function.
We used the SCOP (Structural Classification of Proteins) database (Murzin, 1995) to select the adequate group of proteins that best represents the fold. We have selected one structure of each of the l = 18 different protein domains belonging to the all-alpha protein class, globin-like fold, globin-like family ( Table I) . For non-monomeric proteins, only one chain was considered in the alignment. The resulting multiple alignment is represented in Figure 1 . Table I . This validates the applicability of the GNM to describe the protein vibrational dynamics of the family.
RESULTS AND DISCUSSION
Normal modes and their representative vectors
The normal modes were reassigned according to the procedure described in Section 1.3.
The resulting order of modes is shown in Table II However, the number of reassignments increases significantly for higher frequency normal modes. A greater mode-mixing should be expected when eigenvalues λ i are close than when they are far apart. This is confirmed in Figure 3 where the average difference ∆λ i between the eigenvalues λ i and λ i+1 is displayed as a function of the mode number i before the reassignment.
The maximum corresponds to the difference between eigenvalues λ 2 and λ 3 . Thus, a relatively large "frequency gap" separates the first two modes from the higher frequency ones. As a result, modes 1 and 2 only rarely are interchanged with higher modes. The weight of the contribution of each mode to the overall residue fluctuation decreases with its frequency (see Eq. 5). In consequence, the existence of a conserved dynamic behaviour at the low-frequency domain is expected to be reflected in a common pattern of the mean-square fluctuations of the α-carbons. This can be seen in Figure 5 where the temperature factors for several of the aligned proteins are displayed. The average value and standard deviation of the linear correlation coefficients r calculated between all pairs of these patterns is 0.54 ± 0.24. This value was compared with average r values calculated among the squared amplitude shapes of the modes (Table III) . As can be noticed, the B factors present a degree of correlation similar to those of modes # 1 and 2, in spite of the relatively low correlation between the higher-frequency modes. Figure 6 displays the values for the Sperm whale myoglobin (1a6m) extending the summation of Eq. 5 to only the first two terms (solid lines) and including all the terms (dotted lines). The global shape of seems to be given by the contribution of the first two terms. Subsequent contributions from higher modes preserve the pattern of the relative amplitudes given by the two lowest-frequency modes. Therefore, a common pattern observed between the two lowest modes shapes of the proteins (Figure 4 ) is reflected in a common pattern of the B-factors. On one hand, a common pattern of temperature factors can be related to common patterns of flexibility within the globin fold. On the other hand, a common pattern of the low-frequency normal modes gives us information about a common dynamical correlation between residues, allowing the detection of vibrational energy transfer paths within the family (Seno, 1990 ). Figure 4 (a, b, e, f), refer to the residues moving in the opposite direction. The two lowest modes present low amplitude of motion for helix E residues (positions 35 to 46 in the alignment, see Figure 4 (e)). This helix is in close contact with the heme and makes the dominant contributions to the ligand binding barrier (Case, 1979) . The coincidence of minima in global mode shapes with ligand-binding roles seems to be a general feature and it was previously pointed out by Keskin et al (Keskin, 2000) in the Rossmann-like fold family. Besides, both and present a large amplitude of motion for helix F (positions 50 to 61 in the alignment). This result is consistent with NMR spectroscopy experiments that have shown that the F and D helices are the most mobile parts of myoblogin in solution and the last to fold (Cocco, 1990; Jennings, 1993) . Furthermore, helix F is included between the parts with the greatest structural variation (Baldwin 1979; Altman, 1994) and consequently less stable parts of the globin fold. Nevertheless, the helix F and loop FG have shown strong dynamic interactions with the heme group (Seno, 1990) . Since the pocket between the E and F helices allocates the heme group, Gerstein et al. (Altman, 1994) Mouawad et al (Mouawad, 1996; Mouawad 2002) have shown that the T-R transition of the Human hemoglobin involves a quaternary rotation of one αβ dimer with respect to the other followed by an internal tertiary rearrangement within each α or β subunit. The latter involves "intrachain" large movements of the C, D and F helices as well as the so-called "allosteric core" (Gelin, 1983; Borgstahl, 1994) (the end of the F helix, the FG corner and the beginning of the G helix (positions 58 to 68 in the alignment)). This is in agreement with the regions that display the highest conformational displacements (maxima) in the and modes (Figure 4 (e) and (f)).
Therefore, the common collective vibrational motion among the globins, described by the and u vectors and responsible for the common patterns of B-factors within the family, fulfill the requirements of relative displacements related either to the mechanism of ligand binding or the tertiary motions that follows the quaternary structure transition in the allosteric mechanism (Borgstahl, 1994; Mouawad, 1996) proposed for the multimeric members of the family.
Effects of multimerization on the "internal" modes of the individual subunits
The selected group of globins (see Table I ), as representative of the family, includes either monomeric and multimeric members. In the latter cases, a GNM analysis was performed for the overall protein and repeated for individual subunits. Their comparison will allows us to analyse the effect of multimerization on the intrachain motion of the individual subunits.
It is worth noting that the (d-1) th lowest normal modes of the d-multimers present unique
features not observed in the dynamics of the individual subunits. That is, dimers (d=2) (1h97, 1d8u, 1it2, 1ith, 1vhb, 1cqx and 1ewa) first lowest normal mode and tetramers (d=4) (1cg5, 1jeb shown that the first two lowest modes describe the relative motions of different pairs of the α and β subunits. Even more, the authors demonstrate that a GNM analysis can predict the functional conformational transition from the tense (T) form to the relaxed (R) form. This passage was shown to be induced by the slowest global mode of motion of the tetramer. The role that motions at the quaternary structure level have in the allosteric mechanism of this protein was also extensively studied using Normal Modes Analysis (Mouawad, 1996) and Molecular Dynamics techniques (Mouawad, 2002) .
The present study focuses on the identification and characterization of a unique global dynamics among members of the same family. For this purpose, we have analysed the conservation of dynamic patterns due to the "intrachain" interactions within monomers or individual subunits of multimers which belong to the globin family. However, it is interesting to consider the extent to which the multimer assembly affects the "internal" modes of the individual subunits.
To address this issue, the squared projections were performed: Leaving out the (d-1) th lowest multimer's normal modes, that can not be described by "internal" modes of the individual subunits, the average values of the subsequent 10 lowest modes of each multimer protein are given in Table IV . Thus, the multimer assembly preserves the dynamical properties of the "internal" modes of individual subunits with a high degree of accuracy. Even more, in all dimers, the second lowest mode (r=2) resulted to be best represented by a linear combination of the first lowest modes (r=1) . We reduced the dimensionality of this set to a fraction of the initial dimension, considering subsets of decreasing dimension from the initial 18 SVD vectors. Then, the accuracy of each subset for spanning the m th normal modes can be calculated as the minimum overlap between every m th normal mode and its projection on the reduced subset. This can be seen in Figure 8 , where the overlap vs. the reduced dimensionality of the subset is displayed for five values of m. Higher order modes do not match as well as the first two ones. For m=1, less than 20% of the total dimension of the SVD basis corresponding to Aof the first normal modes with at least 90% accuracy. The same is observed for the SVD basis associated to A 2 . In contrast, more than 60% of the SVD basis associated to A 10 is required to express any of the corresponding 10 th normal modes at 90% accuracy. Table V indicates the number of SVD vectors needed to approximate any of the corresponding normal modes with different degrees of accuracy. The number of required vectors in the subset increases with m. In that way, the reduction of the dimensionality allows us to achieve a quantification of the similarities of collective motions among members of the same family.
CONCLUSION
We have developed a procedure to explore the common dynamics of homologous proteins. The method allows the comparison of patterns of vibrational motions obtained by GNM and involves the alignment, rearrangement and SVD of the normal modes of homologous proteins. We were able to summarize the common dynamics within a family by the identification of collective coordinates that were conserved during the evolution. This study represents a first step in the proposal of systematic methods and tools to quantify dynamic similarities between homologous proteins and contributes to establish a connection between structure, dynamics, and function.
As a test case, we have considered the globin heme-binding family. We have analysed the conservation of dynamic patterns due to the "intrachain" interactions within monomers and individual subunits of multimers. The two lowest normal modes have shown to be conserved within the family. A relatively large "frequency gap" separates them from the rest of the modes hindering their mixing. Furthermore, the dynamical properties of these "internal" modes were revealed to be preserved within the assemblies of the oligomeric globins. The differences between the dynamics of the homologous proteins rapidly increase with the average frequency of their corresponding equivalent modes.
The conservation observed in the two lowest modes of the globins was shown to be reflected in the conservation of the B-factors profiles. The conserved patterns are in agreement with the requirements of relative displacement to maintain activity. In this sence, mutations in globins are constrained to produce limited changes (Lesk, 1980) at the tertiary level of structure that guarantee a unique pattern of relative flexibilities that provide protein functionalities. New calculations are in progress with different protein fold families.
We show that mutations within a fold-family not only conserve a certain degree of protein structure but also features of their dynamics. We have recently developed successful models that take into consideration the effect of structure conservation on sequence divergence (Parisi, 2001; Fornasari, 2002; Parisi, 2004) . The present results encourage the development of theoretical methods for protein evolution based on the conservation of dynamical features. The representative vectors can be considered as candidates for this purpose. 78  80  72  78  72  77  87  73  77  77  85  87  79  78  88  57  67  69   1FLP  1H97  2HBG  1A6M  1ECO  2GDM  1D8U  1CG5  1JEB  1CH4  1IT2  2LHB  1ASH  1ITH  1HLB  1VHB  1CQX  1EWA 100 * 120 * 140 * 160 
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